Abstract -Employing geometry dependent plasmon resonances of graphene gratings, we design a graphene bi-layer optical grating, which can achieve several orders of magnitude enhancement of the second-harmonic generation (SHG) intensity. More importantly, this dual grating can act as an ultrafast optical switch as the SHG intensity can be readily controlled via gate voltage tuning.
I. INTRODUCTION
Because of large local optical field enhancements achievable in graphene via excitation of surface plasmons, this two-dimensional (2D) physical system [1] provides a promising material platform for enhancing nonlinear optical interactions at the nanoscale [2] - [4] . In this paper, we demonstrate that by matching plasmon resonances in mutually interacting graphene gratings separated by a thin dielectric spacer, the second-harmonic generation (SHG) can be enhanced by orders of magnitude. Moreover, by tuning the Fermi level of one of the graphene gratings, one can readily control the SHG. To be more specific, employing the dependence of the resonance wavelength of localized plasmons of graphene ribbons on their width, we design a dual graphene grating in such a way that the resonance wavelength of the first-order plasmon mode in one of the graphene gratings is equal to half of that of the first-order localized plasmons in the other grating that is optically coupled to the first one. This finding is particularly relevant in the context of technological applications, as graphene plays an increasingly important role in optoelectronics, chiefly due to the remarkable tunability of its optical properties via chemical doping or electric gating. In addition, graphene structures support localized and propagating surface plasmons, whose excitation is accompanied by a significant enhancement of the optical near-field. This unique potential to control at deep-subwavelength the optical field has open up a broad array of technological applications, including optical modulation, sensing, and ultrafast active photonic devices [5] , [6] .
II. LINEAR OPTICAL RESPONSE OF DUAL GRAPHENE GRATINGS
The physical structure considered in this study consists of a graphene bi-layer optical grating made of graphene ribbons, depicted in Fig. 1a , where the two graphene gratings are placed at the top and bottom facets of a dielectric spacer. The space is made of glass with a constant relative permittivity, . In our design, the two grating periods are, , and . The width of the bottom graphene grating and the thickness of the spacer is . In our simulations, the chemical potential of graphene is 0.6 eV, the relaxation time is 0.25 ps, and the temperature is 300 K. The width of the top graphene grating ( ) is the quantity we optimized to achieve a so-called double plasmon resonance [5] at the fundamental frequency (FF) 0. To model the linear and nonlinear optical response of graphene gratings, we used an in-house developed numerical method implementing a combination of the generalized-source (GS) algorithm and finitedifferent time-domain method (FDTD) [7] , [8] .
The basic idea of SHG enhancement in the proposed dual graphene grating is illustrated in Fig. 1a . In this figure, the black line represents the linear absorption of the bottom graphene grating alone. This spectrum has a series of spectral peaks, which are due to the excitation of plasmon modes in the graphene ribbons. Among them, the firstorder plasmon resonance appears at FF 0; however, there is no plasmon resonance at 2 0. This leads to weak SHG in the combined optical grating, as the nonlinear optical field cannot be emitted efficiently. This issue can be overcome by using a so-called double plasmon resonance. More specifically, by varying the width ( ) of the graphene ribbons, we design another graphene grating (the top grating) such that its first-order plasmon resonance appears at half of the wavelength of the first-order plasmon resonance of the bottom graphene grating. This property is illustrated by the green line in Fig. 1a .
To implement such a specially engineered double-resonance feature in a dual graphene grating, we scan the width ( ) of the top graphene grating, and calculate the linear absorption spectra of the dual graphene grating. As illustrated in Fig. 1b , the bright band labeled with the symbol arises from the first-order plasmon resonance of the top graphene grating, and it has a cross point at with the dashed red line, which corresponds to half of the resonance wavelength of the first-order plasmon of the bottom graphene grating. Therefore, for this particular configuration of the combined optical grating ( , , and ), there is a double resonance at 0, and 2 0, as shown by the red line in Fig. 1a .
III. TUNABLE SWITCH AND NONLINEARITY ENHANCEMENT
As is well known, the linear and nonlinear optical properties of graphene can be tuned via chemical doping or electrical gating. Based on this property of graphene, we develop a tunable switch to control the SHG enhancement in the proposed dual graphene optical grating. As depicted in the inset in Fig. 2a , we place two electrodes on the top graphene grating to tune the Fermi level ( ) of the corresponding graphene ribbons, but leave unchanged the Fermi level ( ) of the bottom graphene grating at 0.6 eV. In this way, the first-order plasmon resonance of the bottom graphene grating will be at 0, and we can tune the first-order plasmon resonance of the top graphene grating to bring it on and off resonance with the second-harmonic frequency (2 0), by simply tuning the Fermi level . In other words, we can readily turn on or turn off the SHG intensity.
In order to illustrate these ideas, we present in Fig. 2b the SHG spectra calculated with our in-house developed GS-FDTD and repeated these calculations for several different values of the Fermi energy. The plots shown in Fig. 2b reveal the switching property of this optical device. First, compared with the bottom grating, the SHG intensity in the dual graphene grating is enhanced by more than 30 times, if the first-order plasmon resonances in the two sub-gratings are tuned to 0 and 2 0 by changing the Fermi level of the top graphene grating to 0.6 eV. Then, we can turn off the SHG in the graphene grating, if the Fermi level of top graphene grating is modified to 0.3 eV. Therefore, this demonstrates that a tunable SHG intensity can be achieved in this optimized dual graphene grating by simply by varying the Fermi level of one of the graphene gratings (the top one in our illustration).
VI. CONCLUSION
In conclusion, we have demonstrated that a tunable enhancement of SHG can be achieved in a dual graphene grating by properly designing the spectral locations of plasmon resonances of optically coupled graphene gratings, combined with gate voltage tuning. Because of the generality of the employed design principles, we expect that the ideas investigated here can also be applied to design other active graphene photonic nanodevices.
